From physics to chemistry
In the year 1900, a new chapter in the book of science was opened when Planck reported on his discovery that light is quantized. It took more than two decades until Bose verified Planck's Law on a strict basis [1] . Einstein translated the English written text for Zeitschrift für Physik into German, and at the end he added a remark about the importance of Bose's work and the possibility of extending the quantum theory of light to ideal gases. Within the same year, Einstein published his idea in three extended texts which gave a detailed account of the peculiarities and consequences of Bose statistics, in particular the condensation of the gas particles with loss of their momentum becoming indistinguishable in one common energy state [2] [3] [4] . According to this statistical approach, the condensation occurs in (reciprocal) momentum space in contrast to the familiar condensation in real space. Now, one has to step back in time. In the year 1911, Kamerlingh-Onnes had discovered the total loss of electrical resistance of mercury in liquid helium [5] . The experimental observation of superconductivity on one side and quantum theory of spin-free light and gas particles on the other created two obviously separated lines of thought for the next decades. Much later, London suggested in a remarkable short paper a link between these two [6] . As he worked out, the presence of a finite fraction of Bose-type particles with zero velocity is essential to cause the phenomena of infinite conductivity and fluidity, respectively, below the temperature of condensation. In a very cautious and modest way, he argued that this condition might be the reason for superconductivity in metals as well as superfluidity in liquid helium. Two ingredients can be extracted from his idea about superconductivity:
(i) The carriers in a superconductor need to be bosons in contrast to fermions in normal metals. (ii) Only a fraction of bosons in a metal is essential for superconductivity.
It was Ogg Jr [7] , who translated (i) into a chemical picture. From his extended studies of alkali metal solutions in liquid ammonia and the observed increasing diamagnetism with rising metal concentration, he concluded that the electrons form pairs with opposite spins, S = 0. His results of experiments with such quenched solutions indicated sensational evidence for superconductivity at exceedingly high temperature. These results could not be reproduced, and, sadly, Ogg became depressed and finally committed suicide. However, he should be remembered as the first who identified electron pairs as the carriers in a superconductor. His idea was based on a condensation of electron pairs in real space. This approach was further elucidated in great detail particularly by Schaffroth [8, 9] and Blatt [10] .
Years later, Bardeen, Cooper and Schrieffer published their ground-breaking theory of electron pairing in momentum space [11] . According to their theory, the electrons in a superconductor are pairwise coupled via excitations of bosonic character such as lattice vibrations, phonons. The ground state is characterized by the wave vector representation k ↑, −k ↓. The transformation into a particle picture provides a seemingly more visual approach assigning opposite momentum and spin of the coupled electrons, p ↑, −p ↓, a description which reminds one vaguely of the Lewis notation of a covalent bond. However, such a simplified view is misleading, because the pairwise coupled electrons are itinerant, they interact over very large distances and, last but not least, are indistinguishable in the coherent superconducting state.
The physics of superconductivity according to BCS theory was widely accepted in its abstract notation, but a chemical reasoning for the phenomenon was missing. Weisskopf explained superconductivity in a model of mutual attraction between two electrons through polarization of the lattice, which entered the textbooks and is frequently cited in order to 'understand' the phenomenon [12] . However, this model does not contain any chemical argument. The advent of high-temperature superconductivity [13] changed the situation dramatically in terms of chemical complexity of materials as well as the possibly exotic or at least complex pairing mechanism, which might involve magnetic interaction, charge fluctuation, lattice vibrations and in particular local aspects covering the gap between real space and momentum space aspects. A final understanding of high-temperature superconductivity is still missing, yet it is helpful to recall the general statements of London and specify and extend them stepwise in order to analyse actual chemical examples.
Element superconductor
Tellurium is chosen as a model to project conditions (i) and (ii) on an actual chemical system [14] . The crystal structure of the small band gap semiconductor is composed of parallel helical chains. Its electronic band structure is strongly influenced by relativistic effects, and the s 2 p 4 configuration splits into a low lying core-like s 2 band with some admixture to the p-type valence band. The threefold degeneracy of the p state is removed in the rhombohedral structure ( figure 1) .
The chemical bonding in tellurium can thus be described with σ bonds along the chain, p 2 -type lone pairs at the Te atoms and van der Waals contacts between the chains. Bipolaron physics has been broadly addressed in conjunction with superconductivity [15, 16] . Tellurium at ambient pressure represents a bipolaron crystal with a lone pair configuration that is weakly stabilized by [17] . Moderate pressure of 4 GPa is sufficient to break up the non-bonding electron pairs. In a structural phase transition from rhombohedral to monoclinic symmetry, tellurium becomes metallic and superconducting at 4.5 K [18] . Further increase in pressure changes tellurium into the β-polonium and finally the bcc-type structure reaching superconductivity at 7.5 K. The pattern of phase transitions under pressure is similar to the lighter homologues, and sulfur reaches the highest transition temperature, 17 K (figure 2).
The electronic band structure calculated for the monoclinic modification of Te exhibits specific features. Several strongly dispersive bands cross the Fermi level indicating a large group velocity of the conduction electrons in these band states. In addition, there are rather dispersion-free band sections characterized by a high density of states at the Fermi level particularly between Γ and K. The slope of these bands, dE/dk close to zero, signals one part of the London scenario, namely the presence of electrons with zero velocity, though still in a fermionic system. These characteristic features in the electronic band structure are found with no exception for all metals which finally become superconducting at low temperature (figure 3). We coined the term 'flat/steep band scenario' to describe the tendency of the electrons in the flat band states to localize, which creates structural instability counterbalanced by the electrons in the strongly dispersive bands [19] . The inspection of a large number of superconductors revealed that (iii) the flat/steep band scenario is a necessary condition for superconductivity to occur; (iv) the sufficient condition is determined by special features of the flat bands.
Before leaving the chosen superconductor tellurium, attention should be paid to the elements of the neighbouring group in the periodic table, particularly bismuth. Its structure is composed of corrugated layers and can again be described by assignment of non-bonding electron pairs localized at the Bi atoms in agreement with the electronic structure characterized by an indirect band gap and semimetallic properties. Under pressure, bismuth transforms stepwise into several other structures and becomes metallic and superconducting, thus mimicking the behaviour of tellurium. A puzzling fact created quite an excitement, namely that deposition of bismuth from the gas phase on to a helium cooled substrate produced an amorphous 6 K superconductor which upon warming to 20 K recrystallized with loss of superconductivity [20] . The case of bismuth nicely illustrates the interaction of the metal atom matrix and the electronic system with its delicate balance between pair localization and itinerancy. Both the metallic samples under pressure as well as the randomness in the atom arrangement of the amorphous state obviously hinder the localization of the electron pairs.
Whereas the necessary condition in the flat/steep band scenario (iii) seems to hold generally, the sufficient condition (iv) needs further elucidation. Superconducting compounds containing quasi-molecular entities in a metal atom matrix may serve as model systems to study the pairing mechanism in a local approach.
Compound superconductors
Early investigations on carbides of the rare earth metals RE offer a bunch of experimental results to be analysed with respect to the specific interaction between rather anionic carbide entities in an environment of electropositive metal atoms. A plethora of solids with a general formula (RE 1−x M x )C y , prepared by metallurgical methods, are described in the literature [21] . Alloying of the trivalent RE metal with e.g. divalent Ca or tetravalent Th adjusts the Fermi level of the solid, and in chemical terms it influences the extent of charge transfer from the metal atoms to the carbon entity ( figure 4 ). In the case of low carbon content with only C 4− ions being allowed, no superconductivity was observed. Superconductivity up to 17 K occurred with increasing carbon content and the possibility to form the diatomic C n− 2 species. By rewriting the general formula as (RE 1−x M x ) 2/y C 2 a valence electron rule is derived from the plot of T c versus charge n per C 2 unit [22] . In spite of quite different compound and structure types, REC 2 and RE 2 C 3 , respectively, compiled in the plot the T c values exhibit a systematic distribution. The superconducting temperature peaks at a charge n which is somewhat larger than four, corresponding to the ethenide anion C 4− 2 as anionic constituent with phases RE 4 (C 2 ) 3 reaching the maximum values in T c . Our measurement of the superconducting transition in YC 2 closely follows BCS theory, and experiments with 13 C/ 14 C replacement reveal an isotope effect as expected. Clearly, the discrete C 2 unit and its vibrations play an essential role in the pairing mechanism in terms of a dynamic covalence.
The discovery of the layered carbide halides RE 2 X 2 C 2 gave access to yet another large family of compounds containing the ethenide anion [23] . Their crystal structures are composed of close-packed bilayers of RE atoms sandwiched by halogen atoms X. C 2 units centre the distorted trigonal antiprismatic voids of the bilayers. The description of chemical bonding in the ionic limit corresponds to the valence formula (RE 3+ ) 2 (X − ) 2 (C 4−
2 ) in agreement with the observation of a slightly elongated C-C double bond distance. The elongation indicates a significant covalent interaction between the ethenide anion and the metal atoms due to backbonding from the antibonding C 2 π * orbital to empty d states of the metal atoms which is the reason for electronic delocalization. The compounds RE 2 X 2 C 2 are two-dimensional metals and show superconductivity up to 12 K (figure 5).
With the layered character of the RE 2 X 2 C 2 phases numerous chemical modifications have been performed, such as intercalation with alkali metal raising the Fermi level, metric changes by halogen atom replacement but also metal atom replacement creating both Fermi level changes and metric variation, and last but not least isotope exchange. Just to address a few results, the intercalation of Na realized for Y 2 Br 2 C 2 raises T c in full agreement with the rule found for the plot of T c versus n with a 'magic electron count' slightly above four [24] . The systematic substitution The change from yttrium to the larger lanthanum atom results in lower values of T c ; however, normalization to the ratio of the atomic sizes closes the gap between the Y and La systems. Just like influencing superconductivity by chemical modification of the materials, external pressure acts in a rather parallel manner. Pressure decreases the distances between the C 2 unit and the surrounding metal atoms, and thus the transition temperature is lowered on the left side to the T c maximum but increased on the right side [25] .
The compounds REC 2 are metallic due to excess electrons with the metal atoms, whereas RE 4 (C 2 ) 3 The importance of the flat bands is visualized by a frozen phonon calculation. Through a static deformation of the structure the position of the flat band sections with respect to the Fermi level is significantly modified by specific changes in size and orientation of the C 2 unit. The lengthening of the C-C bond lowers the energy of the antibonding C 2 π * state as the tilting does by changing the covalent Y-C overlap. Large enough weakening of the Y-C covalence, e.g. by a hypothetical expansion of the lattice, would result in the formation of a normal semiconducting valence compound. It is tempting to assume that the delicately balanced bonding of the ethenide anion in its environment of suitable metal atoms provides a tendency for pairwise electron localization. Here, the effect of dynamic covalence changes comes into play through specific vibrations which create virtual electron pairs similar to the situation with tellurium discussed before, and this adds new ingredients to the outlined canon of conditions for superconductivity: The electronic band structure is characterized by an extended flat band region from Γ to A of essentially pure σ -bonding type in the layers formed from Bp x,y states [27] . However, there is also significant π -bonding between the layers via covalent interaction with the Mg atoms [28] . The mixing of B and Mg states is evident for the dispersive bands between A and L in the band structure, but particularly at M where a second flat band region is seen. The flat band features in the electronic structure are intimately related to the existence of two superconducting gaps in MgB 2 . The high value of T c results from the large gap based on the strong σ bonding in the layers which is further enhanced by coupling with the small gap based on the weak π bonding across the layers ( figure 9) .
The quasi-two-dimensional σ bands couple to the optical E 2g -type B-B bond stretching mode. In chemical terms, the dynamical distortion of the boron layer corresponds to a strongly anharmonic fluctuation in topology from benzoid to quinoid character. The detailed analysis of the interaction of phonons with the electrons in the flat bands reveils a characteristic peak distribution of the electron-phonon coupling constant λ(q). The average value corresponds to intermediate coupling strength. Whereas the coupling of the E 2g mode to the electrons at Γ is negligible, λ reaches an extremely high value of 25 for a q vector near the Brillouin zone centre besides some less pronounced peaks corresponding also to incommensurate phonon wavelengths [29] . Significant peak structures of λ are also found for other superconductors, e.g. mercury. This observation allows formulating a last specification for the necessary and the sufficient conditions to create itinerant electron pairs:
(vii) the sufficient condition for superconductivity needs specific coupling of the lattice to electrons in flat band states.
In the presented chemical approach to the origin of superconductivity, two exemplary classes of compound superconductors have been discussed in some detail. The first case study focused on the role of the quasi-molecular ethenide species for electron pairing, and the second on the obvious importance of the extended graphene-type net of boron atoms for superconductivity in MgB 2 . Both cases illustrate the common origin of electron pairing due to dynamic covalence. The molecular aspect closely links to the widely investigated alkali metal fulleride superconductors A 3 C 60 . In a comprehensive theoretical study, it has been shown that the electrons in the flat band of t 1u character mainly centred on C 60 strongly couple to phonon modes of A g and H g type thus explaining the high value for T c [30] . The Coulomb repulsion is mainly overcome by local pairing and screening effects instead of retardation effects. Such a 'simple' BCS scenario clearly does not hold for the high-T c materials based on Cu and Fe compounds. In spite of enormous efforts for more than 25 years, a generally accepted theory for oxocuprate superconductors still does not exist. One should remember that basic ideas about anomalous oxygen polarizability and polaron formation through a Jahn-Teller effect due to significant lattice interaction led to the discovery of high-T c superconductivity, soon superseded by 'exotic' models of purely electronic origin which were partly driven by the experimental observation that no isotope effect occurred. Later these models have been largely dismissed due to increasing evidence for significant electron lattice interaction, and real structure effects like phase separation and dynamic stripe formation have dominated the discussion for quite a long time. The detection of precursor effects at T * with temperatures high above the onset of superconductivity associated with an inverse isotope effect suggest the existence of preformed pairs in the regime of the metallic state.
Electronic band structure calculations, e.g. for YBaCu 3 O 7 , reveal numerous flat and steep bands at and near the Fermi level, and a multiple gap structure arises which is compared to the two-gap situation in MgB 2 . Correlation of the d electrons are of vital importance. As the non-metallic oxocuprates exhibit antiferromagnetic order, but also bear some relationship with ferroelectricity in perovskites, one faces a complex situation in the case of the superconducting compounds in terms of antiferromagnetic fluctuations as well as dynamic O-Cu-O covalence. Superconductivity in these compounds may well be due to mechanism with different channels for pairing, both involving a tendency for electron pair and spin pair localization [31] . At present, there seems to be a growing interest in charge density wave and spin density wave instabilities in oxocuprates and also in the Fe-based superconductors which have been investigated extensively since 2008. A recent review covers the latter new area in superconductivity comprehensively [32] . Last but not least, a review on superconducting materials should be mentioned which addresses a large number of different classes of superconductors including heavy Fermion systems which quite naturally exhibit flat/steep band features due to f electrons being involved [33] .
